ABSTRACT DNA-dependent T7 RNA polymerase (T7 RNAP) is the most powerful tool for both gene expression and in vitro transcription. By using a Next Generation Sequencing (NGS) approach we have analyzed the polymorphism of a T7 RNAP-generated mRNA pool of the mboIIM2 gene. We find that the enzyme displays a relatively high level of template-dependent transcriptional infidelity. The nucleotide misincorporations and multiple insertions in A/T-rich tracts of homopolymers in mRNA (0.20 and 0.089%, respectively) cause epigenetic effects with significant impact on gene expression that is disproportionally high to their frequency of appearance. The sequencedependent rescue of single and even double InDel frameshifting mutants and wild-type phenotype recovery is observed as a result. As a consequence, a heterogeneous pool of functional and non-functional proteins of almost the same molecular mass is produced where the proteins are indistinguishable from each other upon ordinary analysis. We suggest that transcriptional infidelity as a general feature of the most effective RNAPs may serve to repair and/or modify a protein function, thus increasing the repertoire of phenotypic variants, which in turn has a high evolutionary potential.
INTRODUCTION
T7 RNA polymerase (T7 RNAP) catalyzes synthesis of RNA in the presence of a DNA template containing a specific T7 phage promoter, i.e. 10 (1-3). The specificity of the promoter recognition, simple structure of the enzyme, independence from additional protein cofactors and much higher rate of synthesis in comparison to the Escherichia coli host RNAP, makes T7 RNAP widely used. T7-based expression systems are broadly employed to prepare biologically active mRNA in vivo (3, 4) and in vitro (5, 6) . Preparative quantities of a defined length of RNA is generated by run off transcription (7) , often as labeled RNA probes (8) and also by amplification of a linear aRNA (amplified antisense) based on cDNA (9, 10) . T7 RNAP rifampicinresistance allows directly for exclusive overexpression of the target gene, and indirectly, for specific protein radiolabeling (3). However, transcriptional errors introduced by this RNAP have been reported. Nucleotide misincorporation (11) and transcriptional slippage were detected on extended runs of homopolymers, at the initiation (12) , elongation (13) and termination steps of transcription (14) . What is more, the DNA template-independent but RNA templatedirected addition of an extra nucleotide at the 3 terminus as well as template-dependent slippage was observed (15, 16) . Moreover, the ability of T7 RNAP for translesion synthesis on over a dozen different types of DNA damage is well known (17) .
For years overproduction of heterologous proteins in E. coli cells by the T7 phage derived expression system has been the most widely used method of choice (2, 3) . However, it turned out that this expression system is 'over-efficient' and causes both a high metabolic burden on the host cells and a severe imbalance between the T7-based transcription process, translation, and mRNA stability (18, 19) . In general, this leads to an accumulation of protein aggregates or deposition of inclusion bodies which are composed of both misfolded and accompanying proteins (20) . To avoid this, numerous approaches were developed which would reduce the transcriptional rate mainly by lowering the abundance of T7 RNAP production (21) (22) (23) (24) (25) (26) (27) (28) .
Here, we describe another aspect of T7 RNAP that was revealed after mboIIM2 DNA methyltransferase of Moraxella bovis expression analyses (29, 30) . In light of the results presented here, bacteria with a target gene carrying a single or double insertion/deletion (InDel) mutation that should cause frameshift wild type reading frame are phenotypically heterogenous. Predominantly, through a transcriptional slippage mechanism in homopolymer A-and Trich stretches, T7 RNAP infidelity can rescue such mutations and abolish the expected null phenotype. Moreover, it leads to the production of a mixture of protein variants, with partially changed internal sequences. In this work, the potential role of phenotypic mutations in the evolution of the protein and their stability is discussed.
MATERIALS AND METHODS

Bacterial strains, culture conditions
Escherichia coli DH10B and ER2566 (DE3) both from New England Biolabs and Tuner (DE3) (Novagen) were grown aerobically in Luria-Bertani (LB) broth or M9 minimal medium (31) , supplemented with 0.2% Casamino Acids (Difco Laboratories) and 0.2% glucose at 37
• C with shaking at 180 rpm. Where appropriate, kanamycin (Km), ampicillin (Amp), chloramphenicol (Cm) and tetracycline (Tc) were added at final concentrations of 50, 100, 15 and 15 g/ml, respectively. In the host's transcription inhibition experiment rifampicin (Rif) was added to 200 g/ml. When necessary, isopropyl-␤-D-thiogalactopyranoside (IPTG) 1 mM/ml and L-arabinose (0.04%) was added for the induction of gene expression.
Genetic techniques
Standard protocols (31) and kits were used for purification of the plasmid DNA (A&A Biotechnology, Poland), DNA digestion with restriction endonucleases, DNA ligation with T4 DNA ligase, PCR techniques with PfuPlus DNA polymerase (all from Eurx-Gdansk, Poland), as well as for DNA sequencing of the mboIIM2 mutated derivatives (Genomed, Poland).
Single and multiple site-directed mutagenesis
InDel variants of methyltransferases mboIIM2 and mboIIM1 of M. bovis ATCC 10900 (29, 30) , ncuIM2 of Neisseria cuniculi ATCC 14688 (32) and chloramphenicolresistance gene cat from transposon Tn9 (33) were constructed by a nucleotide deletion/insertion in the reverse primers. Supplemental Tables S1 and S2 include a list of the oligonucleotides used and a description of the plasmid construction. Appropriate plasmid templates were PCR-amplified with high fidelity PfuPlus DNA polymerase (Eurx-Gdansk, Poland) according to the manufacturer's instructions (50 ng of plasmid template was added to a 50-l PCR). One microliter (10 u) of the DpnI enzyme (Fermentas) was added directly to the PCRs to eliminate the parental plasmid. Following a 1.5-h incubation at 37
• C, the DNA products were resolved in agarose gels, appropriate bands were cut out and aliquots containing purified DNA were transformed into DH10B competent E. coli cells. All the plasmid modifications were confirmed by Sanger DNA sequencing using the BigDye Terminator v3.1 (Applied Biosystems, USA).
gfp reporter constructs
Plasmids pET24mboIIMB.3 containing the mboIIM2 wild type gene (30) and pET24mboIIMB.4 carrying its single nucleotide deletion mutation variant (mboIIM2ΔA356), were used as templates in PCR to obtain shorter deletion variant genes (378 and 377 nt long, respectively), both containing a putative slippage region. The resulting plasmids, obtained by cloning as described in (34) , named pETmboBwt 378 and pETmboB A356 377, were used for the construction of translational fusions with the gfp gene from pGreenTIR (35) . The proximal part of the gfp gene sequence was modified from the wild type 5 -ATG AGT AAA GGA-[MSKG] to 5 -ATG GAT CCA AAA GGA-[MDPKG, gfp0] or 5 -ATG GAT CCA AAG GAG [MDPKE, gfp-1]), and then inserted as PCR products between the BamHI and EcoRI sites of pETmboBwt 378 and pETmboB A356 377. The resulting series of four plasmids named pETmboBwt 375gfp0, pETmboBwt 375gfp-1, pETmboB A356 375gfp0 and pETmboB A356 375gfp-1, differ from each other by the wild type (gfp0) or frameshifted (gfp-1) variants of the gfp gene, respectively, enabling 0 or −1 frame reading of fusions with mboIIM2Δ378 and mboIIM2ΔA356Δ377 gene fragments. Plasmids pETmboB A356 562gfp0 and pETmboB A356 562gfp-1 with a longer variant of the mboIIM2 gene (562 nt)were constructed in a similar way. All the plasmid modifications were confirmed by DNA sequencing.
Western blotting
ER2566 cells harboring various pET24a-mboIIM2 plasmids were grown in LB medium at 37
• C and induced with 1 mM IPTG for 2 h. Protein samples (100 l each) were electrophoresed on 10-12.5% sodium dodecyl sulfate (SDS)-polyacrylamide gel (PAGE) and electroblotted onto nitrocellulose membrane (Bio-Rad) as follows. In cases that required a higher resolution of small peptides, 12.5% TrisTricine SDS-PAGE was used (36) . Cell pellets were resuspended in water, an appropriate amount of 4× SDS-PAGE loading dye was added and the samples were run on a gel. Transfer to a nitrocellulose membrane was performed in the electrophoretic transfer cell at 50 V for 3 h or 15 V overnight in Towbin buffer, with or without 20% methanol, respectively (37) . The membrane was blocked at 4
• C for 1 h in phosphate buffered saline (PBS) buffer (137 mM NaCl, 2.7 mM KCl, 10 mM Na 2 HPO 4 , 2 mM KH 2 PO 4 pH7.4) with 5% skimmed milk. The membrane was then probed with rabbit anti-M2.MboII (30) or rabbit anti-DnaA antibodies (courtesy of Dr M. Glinkowska, University of Gdansk) diluted 1:1250 and 1:1333, respectively, in TBS-T buffer (50 mM Tris-HCl, 150 mM NaCl, 0.05% Tween 20, pH 7.6) with 5% skimmed milk for 1.5 h at room temperature. After three washes with TBS-T, the membrane was incubated for 1 h with a goat anti-rabbit secondary antibody conjugated with alkaline phosphatase (AP, 1:30 000, Sigma) for 1 h at room temperature. The membrane was washed three times and a specific protein was visualized by adding BCIP/NBT solution (Fermentas). The GFP was probed using a mouse primary antibody (Santa Cruz Biotechnology or Novous Biologicals) at 1:4000 in TBS-T with 5% skimmed milk followed by a goat anti-mouse secondary antibody conjugated with horse radish peroxidase (HRP, 1:4000, Sigma). The membrane was washed three times and a specific protein was visualized by adding chemiluminescent substrate solution (Bio-Rad) and a series of exposures on X-ray film.
Protein radiolabeling
The expression of radiolabeled plasmid-encoded methyltransferase gene products was performed by IPTG (1 mM) induction of ER2566 cells grown at 37
• C in M9 medium, supplemented with appropriate antibiotics. 45 min after induction, the host's RNAP inhibitor, rifampicin, was added at a concentration of 200 g/ml followed by pulse-labeling with 35 S methionine (3). 100-l samples of the culture were labeled for 5 min with 5 Ci 35 S methionine at 30 min intervals. Samples were centrifuged, suspended in SDS/PAGE loading dye and loaded on to 10%-SDS/PAGE (38) . Then, transfer to a nitrocellulose membrane (Bio-Rad) was performed, and protein visualization was done by autoradiography.
The M2.MboII MTase assays
Enzyme activity was determined by monitoring the DNA protection level (resistance to cleavage by endonuclease R.MboII, 1 h at 37
• C) of plasmid isolated from the M2.MboII producing cells. The samples were analyzed by 0.8% (w/v) agarose gel electrophoresis. The second M2.MboII specific methylation assay was based on monitoring of the enzyme-catalyzed transfer of 3 Bq), and an aliquot of the P-11 phosphocellulose chromatography fraction (1 h, 37
• C). The reaction was stopped by adding 30 l of 50% trichloroacetic acid. The sample was then centrifuged (10 000 × g, 10 min) and the pellet was washed with 1 ml 70% (v/v) ethanol, centrifuged, and dried. Scintillation counting was used to estimate the incorporated radioactivity.
Total RNA extraction
Five milliliters of E. coli ER2566 cells harboring pET24mboIIMB.4 were harvested while growing in the exponential phase after 2 h IPTG induction of expression. The bacterial pellet was resuspended in 1 ml of stayRNA reagent (A&A Biotechnology). The RNA was then extracted using the Total RNA Mini Plus kit (A&A Biotechnology) according to the manufacturer's instructions. After elution, the RNA was treated with DNase I for 30 min at 37
• C (Thermo Scientific) and then concentrated using the Total RNA Mini Plus Concentrator kit (A&A Biotechnology). The final concentration (1.5 g/l) and purity was checked by measuring its absorbance at 260/280 nm in a spectrophotometer (Nanodrop).
Qualitative and quantitative polymorphism of mboIIM2ΔA 356 mRNA by NGS approach
Preparation of a DNA library for NGS technique was performed by Genomed Ltd (Warsaw, Poland). Four microgram of total bacterial RNA served as a template in a reverse transcription reaction using 1 l of a specific primer RT-mboB (20 M), 1 l Superscript III reverse transcriptase 200 u/l (Invitrogen), and dNTPs mix (1 mM final concentration). The reaction was performed according to the procedure described by the manufacturer. In accordance with the recommendations for use of a specific primer for first strand cDNA synthesis, this step was carried out at an elevated temperature of 55
• C. Given the large number of template RNA used, an RNase inhibitor was not added to the reaction. Second strand cDNA synthesis and the subsequent steps to create a library were performed with a set of NEBNext Ultra Directional RNA Library Preparation Kit for Illumina (New England Biolabs). Further reactions were performed with the buffers, following the procedure according to the manufacturer's instructions. At the stage of enrichment of the library, unilateral labeling was applied in a PCR reaction using a universal primer and a primer containing the index sequence NEBNext Multiplex Oligos for Illumina (New England Biolabs). Because the procedure does not take into account the fragmentation step required before NGS sequencing technique in the MiSeq device (Illumina), the last stage in preparation of the library was the purification of an appropriate fraction of DNA fragments using AMPure XP magnetic beads (Beckman Culture). The libraries were sequenced using the MiSeq Reagent Kit v2 (Illumina) in the paired-end mode with a read length of 150 bases. Alignment was performed using CLC Genomics Workbench 7 and an additional analysis was performed by Piledriver software (https://github.com/arq5x/ piledriver) and custom scripts. The mboIIM2 reference gene (GenBank KM192157) was used for the mapping of sequencing reads, and identification of mutations.
Analysis of the N-terminal amino acid sequence of truncated variants of M2.MboII N-terminal protein sequence analysis was performed at BioCentrum Ltd (Krakow, Poland). Sequentially detached phenylthiohydantoin derivatives of amino acids were identified using the Procise 491 (Applied Biosystems, Foster City, USA) automatic sequence analysis system, according to the standard protocol of the manufacturer.
Identification of the domain composition of M2.MboII protein by mass spectrometry
All LC-MS-MS/MS analyses (liquid chromatography coupled to tandem mass spectrometry) were done at a Mass Spectrometry Lab (IBB PAN, Warsaw). Prior to the analysis, gel slices were subjected to a standard 'in-gel digestion' procedure during which the proteins were reduced with 100 mM dithiotreitol (DTT) (30 min at 56
• C), alkylated with iodoacetamide (45 min in a darkroom at room temperature) and digested overnight with trypsin (sequencing Grade Modified Trypsin, Promega) or pepsin (Promega). The resulting peptides were eluted from gel with 0.1% trifluoroacetic acid (TFA) and 2% acetonitrile (ACN). The peptide mixture was applied to RP-18 precolumn (nanoAC-QUITY Symmetry R C18, Waters) using 0.1% TFA as a mobile phase and then applied to a nano-HPLC RP-18 column (nanoACQUITY BEH C18, Waters) using an ACN gradient (0-35% in 70 min) in the presence of 0.05% formic acid with a flow rate of 250 nl/min. The column outlet was directly coupled to the ion source of the spectrometer Table S2 ).
working in the regime of data dependent MS to MS/MS switch (Orbitrap Velos mass spectrometer--Thermo Electron Corp.). The acquired raw data were processed by Mascot Distiller followed by Mascot Search (Matrix Science, UK) against the predicted reference peptide masses of the derived M2.MboII. The search parameters for the precursor and product ions mass tolerance were 15 ppm and 0.6 Da, respectively; trypsin/pepsin specificity: one missed cleavage sites allowed; fixed modification of cysteine by carbamidomethylation and variable modification of and methionine oxidation. Peptides with a Mascot Score exceeding the threshold value corresponding to <5% False Positive Rate, calculated by the Mascot procedure, and with the Mascot Score >30 were considered to be positively identified.
Fluorescence microscopy
Samples of Tuner (DE3) or ER2566 (DE3) bacterial cultures (0.2 ml) bearing a gfp-tagged reporter were taken for fluorescence microscopy studies. Cell membranes were stained with the fluorescent dye SynaptoRed C2 (FM4-64) (Sigma) at a final concentration of 5 g/ml for 10 min. The DNA was visualized by staining with DAPI (4,6-diamidino-2-phenylindole) at 1 g/ml for 10 min. Samples were then immobilized on 1-mm 1.5% agarose pads dissolved in LB medium and visualized using a Leica DMI4000B micro-scope fitted with a DFC365FX camera (Leica). The following Leica filter sets were used: N2.1 (for FM4-64), green fluorescent protein (GFP) and A4 (for DAPI). Images were collected and processed using LAS AF 3.1software (Leica).
RESULTS
Frameshifting during expression of the mboIIM2 gene with a single-nucleotide deletion restores the wild type phenotype
In our previous work, we demonstrated that the mboIIM2 gene codes for methyltransferase, a 32 kDa protein responsible for the specific methylation of DNA sequences (30) . Here, we monitored expression of its mutant derivative with the use of a T7 expression system. Expression of the mboIIM2ΔA356 gene with a single adenine deletion gave rise to an expected premature translation stop and production of a truncated (14.5 kDa) inactive protein, called M2.MboII A356 ( Figure 1A) . However, to our surprise, the plasmid obtained from the IPTG-induced bacteria was protected against MboII endonuclease digestion demonstrating the presence of specific methylation. After the preliminary fractionation of the bacterial lysate with the use of phosphocellulose (P-11) chromatography, a full-length 32 kDa protein was detected. Both forms of protein reacted with specific rabbit polyclonal anti-M2.MboII antibody ( Figure 1B ), and were also visualized by 35 S methionine pulse-labeling in a T7 phage-specific expression system ( Figure 1C) . Also, the specific activity of the full-length protein obtained here was identical to the previously reported wild type M2.MboII (30) . Fractions demonstrated by western blot to contain full-length M2.MboII, exhibited specific activity toward both double-( Figure 1D ) and single-stranded DNA (not shown). Similarly, we observed the production of both forms of the protein with diversified intensity irrespective of the RNAP/promoter used (T7 phage/10 or E. coli /P araBAD ), the number of copies of the gene (plasmid or chromosome), or the actual temperature values during expression (37 or 22
• C) (data not shown). N-terminal amino acid sequencing of small and full-length proteins was carried out by automated Edman degradation. The sequences of the first 10 amino acid residues (M 1 -N 2 -T 3 -I 4 -F 5 -F 6 -K 7 -D 8 -S 9 -R 10 ) were found to be identical and consistent with the nucleotide sequence of the gene (GenBank KM192157).
To assess the degree of uniqueness of this phenomenon we introduced single deletion mutations inside or close to a poly(A) tract in the isomethylomer ncuIM2 gene of N. cuniculi ATCC 14688 (32), the cognate methyltransferase mboIIM1 of M. bovis ATCC 10900 (29, 30) and chloramphenicol-resistance gene cat from Tn9 (Supplementary Figure S1 , Tables S1 and S2) (33) . After T7-specific expression we were able to recover all the proteins as fulllength specimens (which was confirmed by immunodetection), while retaining their specific activities (data not shown).
T7 RNAP generates high polymorphism of mRNA
Since programmed ribosomal frameshifting is very rare and sequence-specific (39), we hypothesized that the majority of the observed in-frame restoration in the investigated InDel mutants of mboIIM2 and other genes are likely to involve erroneous transcription. This would involve nucleotide insertion/deletion into homopolymeric tracts which are located relatively close to the previously introduced mutation site, and more importantly, they should be located upstream of the first 0 frame stop codon. To evaluate the extent of erroneous variations among the pool of mRNA sequences transcribed from the mboIIM2ΔA356 gene, we isolated total RNA from IPTG-induced ER2566 cells. Using a paired-end enriched-mRNA sequencing approach (NGS Illumina), we analyzed the proximal part of the mRNA (1- Tables S3 and S4 ). Of particular interest to us was the distribution of insertion mutations, as the most likely cause of a deletion mutation repair. We detected four homopolymer runs at the following positions: 13 nt (6T), 279 nt (7A), 351 nt (5A) and 364 nt (7T) which represented 1.06, 3.78, 10.47 and 1.19% of the frequency of total insertions. The percentages of the multiple insertion spectrum in these regions are shown in Table 1 . The frequency of insertions in other homopolymer runs was at a much lower level (Supplementary Figure S2A [iii]). It seems that not only the length of a particular homopolymer run, but also the type of nucleotide composition and the context of the adjacent sequence is important for the incidence of transcriptional slippage. For example, for neighboring 4T (227 nt) and 4A (231 nt) repeats, the frequency is disproportionately different 0.037 and 0.306%, respectively (Supplementary Table S3 ). Similarly, for 3T (321nt) and 3A (324 nt) repeats, the frequencies are 0.0021 and 0.013%, respectively. Apparently, poly(A) type homopolymer, regardless of the number of repeated nucleotides, induced the strongest insertion frequencies (e.g. 3A [195 nt] versus 4T [347 nt], 0.11 and 0.06%, respectively). The most active region for transcriptional slippage is poly(5A) 351-355 nt. On the basis of data obtained from the analysis of mRNA polymorphism, we hypothesized that the insertion of a single A in this particular position is the probable cause of the A356 deletion rescue.
Our analysis showed that deletion due to slippage was relatively rare (Supplementary Figure S2 , Supplementary Table S3). The highest incidence of deletion (2%) was detected in the 364-370 poly(T) region.
Disruption of homopolymer continuity eliminates epigenetic mboIIM2ΔA356 gene repair
We constructed several site-specific nucleotide replacements that systematically interrupted the continuity of the homopolymeric T + A run (L-tract, 347-355 nt), the triple A (M--360-362 nt), and the R-tract, consisting of seven T (364-370 nt), upstream of the TAA stop codon of mboIIM2ΔA356 (Figure 2A and B) . Transcriptional insertion of a single nucleotide into one of these tracts is the simplest way to restore the wild-type frame, preserving the wild-type amino acid composition completely (insertion in poly(A) of the L-tract) or partially (insertion in the M-or Rtract). We changed all the selected codons in such a manner Figure 2C ). The relative amount of full-length M2.MboII in relation to the short form of the protein varies depending on the type and number of exchanges introduced. The restoration of the full-length protein was almost completely eliminated only after six nucleotide alterations ([A 5 ]mutLMR6, Figure 2C , and corresponding 2D, lane 9). The proportion between the main short product (14.5 kDa) and its degradation derivatives, and the full-length product (32.1 kDa) was estimated densitometrically and normalized to the DnaA protein concentration in exponentially growing cells (Supplementary Figure S3) . The changes in the poly(T + A) 347-355 nt of L-tract were the most effective to stop wild-type phenotype recovery. However, interruption of continuity in this homopolymeric run by nucleotide replacements only did not abolish slippage completely (up to 15% as compared to (A 5 ) A356). To assess influence of the TAATG sequence located between 370 and 374 nt (the last nucleotide of the stop codon UAA [0 frame] overlaps the first of the start codon AUG [−1 frame]) as the possible stimulatory signal in frameshift generation, we changed it to TACTC (sense codons in both reading frames). The alteration of these codons did not affect frameshift occurrence (Supplementary Table S2 ).
Insertion of the non-templated A in the 351-355 nt poly(5A) region of mboIIM2 rescues the wild type phenotype
To confirm the character of changes in the mRNA of the mboIIM2ΔA356 gene involved in wild-type reading frame restoration, we created a fusion gene with the gfp reporter. We cloned the PCR product containing a 28 nt fragment of the mboIIM2ΔA356 gene, including deletion of A356 which generated stop codon TAA, fused with the GFP encoding gene (35) in a pET24a vector (Supplementary Tables S1 and S2). This allowed us to identify the amino acid sequence of the N-terminal part of the hybrid protein 'M2.MboII'-GFP. To eliminate the possibility of employing ATG codon overlapping the stop site as an independent translational start for the gfp, we mutagenized it into a sense AGG. We assumed that the hybrid protein could arise only after nucleotide insertion in the mboIIM2 part of the gene. We expressed the mboIIM2-A5gfp0 gene and observed very strong and uniformly dispersed fluorescence under microscopy (data not shown). The preliminary purified hybrid protein (33 kDa) underwent automated Edman degradation. As expected, the sequence of the first three amino acid residues represented the part of the T7 protein 10 (M 1 -A 2 -S 3 ), and the next seven residues (L 118 -K 119 -N 120 -T 121 -K 122 -L 123 -F 124 ) were found to be identical to the wild type M2.MboII. This result confirmed the predominant insertion of the single A into the poly(5A) region (351-355 nt) in the wild-type phenotype restoration. It was consistent with the high frequency of A-type insertion obtained by RNA-seq analysis (Table 1) .
Mass spectrometry analysis proved amino-acid heterogeneity in the population of the full-length M2.MboII
To explore the rescue character of the A356 deletion mutation in greater detail, the full-length (32 kDa) variant M2.MboII arising from mboIIM2ΔA356 gene expression was resolved by PAGE and subjected to mass spectrometry LC-MS-MS/MS analysis (40) . We compared the masses of peptide fragments of the protein with a sequence database supplied by us using the MASCOT program (http: //www.matrixscience.com) (41) . MS/MS analysis allowed us to find two major peptides: the wild-type (122-132 Table 2 ), both eliminating the UAA stop codon (370-372 nt). This data was in agreement with the insertion frequency in those regions determined by NGS mRNA analysis (Table 1) . We were convinced that the mutated variant of the M2.MboII retained methylation activity by construction of a double mutant (deletion/insertion) gene--mboIIM2ΔA356+T371 (Table 2 , Supplementary Table S1).
gfp reporter fusions demonstrate the high frameshifting potential of T7 RNAP Initially, we used the GFP reporter to determine the minimal slippage region and also to examine the possibility of −1 ribosomal frameshifting recoding (42) . Since our analysis, arising from the prediction of the mboIIM2 mRNA secondary structure, showed the likely existence of a Htype RNA pseudoknot structure in the 'slippery region' (not shown), we fused the gfp gene in various combinations, downstream of the frameshifting site of mboIIM2. The gene fusions consisted of the proximal 377/378 nt part of mboIIM2ΔA356 or wild type mboIIM2 genes, and 0 frame or −1 frameshifted gfp gene (Figure 2A ). They all eliminated pseudoknot formation. After expression of the fusion genes we observed the high level of frameshifting, which revealed that the H-type pseudoknot was indispensable as possible stimulatory signal. Moreover, to assess influence of the TAATG sequence located between 370 and 374 nt (the last nucleotide of the stop codon UAA [0 frame] overlaps the first of the start codon AUG [-1 frame]) as the possible stimulatory signal in frameshift generation, we changed the sequence to TACTC (sense codons in both reading frames) (Supplementary Table S2 ). The alteration of these codons did not affect frameshift occurrence. We concluded that our results do not support translational mechanism of frameshiting. Next, to find out more about the frameshifting ability of the T7 RNAP in vivo, we used a set of constructed fusion genes to analyze all possible (+) or (−) slippage events generated in most active 351-356 nt and 364-371 nt homopolymeric regions. The gfp fusions allowed us to detect all out-of-frame transcriptional signals generated by T7 RNA polymerase in the slippery region, whereas the MboII-GFP the means to hybrids provided distinguish the slippage products from each other and also from degradation products after PAGE electrophoresis. Therefore, due to the gfp reporter we could detect specific out of frame products. It is worth noting that only mboIIM2wtΔ378gfp0 should produce the hybrid protein in the 0 frame. Surprisingly, it appeared that transcriptional slippage was present not only during expression of the mboIIM2ΔA356 nucleotide deletion mutant gene, but also in case of the wild type mboIIM2 gene expression. In all four cases we observed a fluorescence signal (Figure 2B) and detected a 41.7 kDa M2.MboII 377(378)-GFP hybrid protein, using anti-M2.MboII polyclonal antibody and an anti-GFP monoclonal antibody ( Figure 2C and D). Analysis of the western-blotted protein products indicated 'regular' 0 frame truncated products of M2.MboII (14.6 and 16.8 kDa) and the hybrid protein, formed due to a frameshift in the transcription. All the hybrid proteins formed pole-deposited aggregates in the E. coli cells (43, 44) . In the case of M2.MboII A356 377-GFP0 hybrid, we observed a uniformly distributed fluorescence signal which also indicated the presence of the dispersed GFP protein alone, unbound with the M2.MboII 377 component. The production of GFP is possible by adapting the internal AUG codon overlapping the upstream UAA stop codon of mboIIM2 (Figure 2A) . However, the pictures from phase contrast microscopy showed the presence of aggregates deposited at poles similar to M2.MboII A356 377-GFP-1 (not shown), which was also confirmed in a westernblotting experiment ( Figure 2C ). Our results indicated that at least the poly(A) and poly(T) regions located between 351-355/356 nt and 364/365-371 nt, respectively, were the hot spots for high level transcript slippage, both for the wild-type and deletion mutation mboIIM2 gene. Insertion of an additional A or U in either hot spot was a likely mechanism of mutation rescue in the case of two fusion genes, mboIIM2ΔA356Δ377gfp0 and mboIIM2wtΔ378gfp-1. Contrary to this, in the case of the double deletion mutant mboIIM2ΔA356Δ377gfp-1, the deletion of a single U nucleotide caused mutation rescue. However, we cannot exclude the possibility of eliminating UAA stop codon upstream of gfp by double nucleotide insertion in Aand/or T-rich homopolymers. Interestingly, the nucleotide insertion/deletion mechanism was ineffective to rescue the two deletions located a considerable distance from each other (mboIIM2ΔA356Δ562gfp-1). Western blot analysis revealed the presence of 0 frame M2.MboII short product (14.6 kDa, 370 nt UAA stop codon) and the slightly longer +1 frameshifted 24.2 kDa incomplete M2.MboII-GFP hybrid (first possible UAG stop codon in proximal part of gfp-1 gene at 613 nt) (Supplementary Figure S5) . Due to the long distance between the sites of the deletion, all possible combinations of −1 or +2 reparative frameshifting generated stop codons. The complete 49.1 kDa hybrid protein M2.MboII 562-Gfp could only arise in case of the mboIIM2ΔA356Δ562gfp0 fusion gene (Supplementary Figure S5) .
Various InDel frameshifting mutations in the mboIIM2 gene are restored by T7 RNA transcription in slippage-prone sequences
To address the question of whether more frameshifting mutations can be rescued by other slippery-inducing regions of the gene, we created several single and double nucleotide insertion/deletion mutants (Supplementary Tables S1 and  S2 ). They were located mainly in the proximal part of the mboIIM2 gene ( Table 2 ). All of them interrupted the continuity of the translational reading frame by the premature appearance of a stop codon. Indeed, there were more slippage-inducing sites in the mboIIM2 gene which could provoke RNA editing by the T7 RNAP. We observed that the production of full-length proteins and restoration of (1) Full-length protein/MTase activity (2) Possible restoration of gene continuity by transcriptional slippage mode (3) None ( their methylation activity depended on the nucleotide context in the vicinity of the InDel mutations and also their location in the protein domain ( Figure 4 , Table 2 ). Thus, in some cases restoration of the full-length protein did not lead to recovery of its full catalytic activity. We also observed a different level of gene expression for each mutant, manifested as a reciprocal proportion in concentrations between the short variants of the protein, translated from unchanged mRNA containing InDel mutation, and full-length variants formed by translation from erroneously synthesized mRNA (Figure 4) . Hence, such 'repair' of deletions by the insertion of a single nucleotide(s) is dependent on the type and length of the homopolymer adjacent to the mutation site, as well as the transcript slippage efficiency of RNAP. For example, the production of the full-length protein may be inefficient ( Figure 4A , lanes 1 and 2) but biologically effective to sufficiently methylate the MboII recognition sites ( Figure 4B , lanes 12 and 16). Interestingly, in the case of G112 mutant rescue, we observed the unexpected expression of a shorter protein of 21.71 kDa, ( Figure 4A , lane 1) starting from the internal ATG initiation codon (268-270 nt, as was apparent from the mass spectrometry analysis (not shown). However, an insertion by erroneous transcription is not always effective in 'repairing' the deletion mutation. For example, the lack of a proper nucleotide context downstream of the 5A homopolymer (601-605 nt) nearby a single deletion site (A630) means that any insertion of a single A generates UGA stop codon (606-608 nt). Thus, such a mutant seems to be 'irreparable', even after creating a tetra-nucleotide poly(G) region (C621G/ A630, Table 2 ), most likely because it is not effective in slippage induction. We faced a different situation in the case of +T372 single-insertion mutation. The highest frequency of nucleotide deletion mapped in that region (2%) provides a plausible explanation for the likely way to restore a +T372 frameshift mutation. Unlike what has been described so far, the deletion of a single U nucleotide from a long 8U-region is the presumable mechanism of wild-type gene restoration. This is confirmed by the efficient production of a full-length protein and its high level methylation activity ( Figure 4A , lane 4 and 4B, lane 24, respectively). It seems that the transcriptional repair of a double deletion is more complicated and complex in its diversity. We showed that the recovery of double deletion mutation occurred regardless of whether they were initially next to each other or at some distance. Based on several examples, we demonstrated a negative correlation between the efficiency of production of the full-length protein and the increase of distance between the mutation sites. Hence, there is no protein production and no activity restoration in the case of G112/ A356 double mutation ( Figure 4A, lane 5 ). Another aspect is the type of missing nucleotide of mutants and type of inserted nucleotides during erroneous transcription (the same versus different). Presumably, most codon changes are associated with negative alteration in protein activity, particularly in the domains responsible for DNA 
DISCUSSION
Among the many processes observed contributing to the alteration of the genetic information at the mRNA level (RNA editing), the best reported to date is transcriptional slippage (45) (46) (47) . Programmed transcriptional slippage can regulate the level and specificity of gene expression (48, 49) . Recently, more convincing evidence showed that transcriptional inaccuracy was able to restore the wild-type phenotype of mutant genes (50) (51) (52) (53) (54) (55) . It was proposed that inaccuracy in gene expression in individual living cells may be important for the generation of diversity during environmental challenge (51, 53, 56) . In fact, epigenetic effects have been observed after slippage during initiation, elongation and termination at homopolymer runs in E. coli both in vitro (14, 16) and in vivo (57) (58) (59) (60) . We provide evidence that the intrinsic infidelity of T7 RNAP in transcription brings significant phenotypic consequences, observed as frameshift mutation restoration and the production of a heterogenous population of the fulllength protein. It was reasonable to hypothesize that the transcriptional slippage mechanism at the A/T homopolymer regions of mRNA contributed to the observed restoration of the InDel disrupted genes, enabling the synthesis of full-length proteins (Figures 1 and 2) . By means of NGS and genetic techniques we identified four non-uniformly distributed erroneous hot spots in the examined part of the mboIIM2 mRNA with a high frequency of InDel events (Supplementary Figure S2) . Among them, the highest insertion frequency (almost 11%) was displayed by the poly(A) region 351-355 nt ( Table 1) . As shown in Table 1 a single insertion error is dominant over multiple insertions or deletion events. Site-specific mutagenization of the most insertion inducing A/T-rich regions (Figure 2 ) and the outcome of the mboIIM2-gfp fusion genes expression clearly demonstrate a significant impact of the A/T homopolymers on the quality and quantity of a given gene's expression (Figures 2-4) . Based on our results, it seems that utilization of transcriptional slippage in the context of repair of accidental frameshift mutations may be more common than thought so far (50) . It is likely that homopolymers have a nonrandom location within genes and can be conserved over evolutionary time (50, 55, 61) . Recently, the occurrence of a strong correlation between the frequency of InDel frameshifting bypasses and nucleotide homopolymer repeats was reported for HaeIII methyltransferase coding gene variants (57) . The significance of the phenomenon described above might seem ambiguous. A model study with error-prone T7 RNAP showed that synthesis of dysfunctional proteins based on erroneous transcripts was highly deleterious for T7 phage fitness (62) . Similarly, a frequent loss of the fragment of DNA with the T7 RNAP gene was observed when wild-type T7 was grown on an E. coli host which already expressed T7 RNAP (63) . The large proportion of amino acid substitutions arising during T7 RNAPbased (or any RNAPs) expression is deleterious for protein activity and function (64) . However, it cannot be excluded that some of the altered phenotypes may carry the potential for adaptation under pressure of selective conditions (65) . Indeed, we showed here that for some InDel mutant genes transcriptional infidelity may repair and/or modify a protein's structure/activity, increasing the repertoire of phenotypic variants. This could be achieved with restoration of the original genetic sequence or appearance of other, usually less-effective, codon alternatives incompatible with the original DNA template (Table 2, mboIIM2ΔA356) . We demonstrated the presence of the mutated variant of the full-length M2.MboII with four amino acid replacements in the protein's population, manifesting a high level of a site-specific DNA methylation activity. Therefore, it seems, we are dealing with a new situation, synthesis of a heterogeneous population of mRNAs whose rescue of the gene function leads to the production of a heterogeneous fulllength proteins with amino acid alterations. We have reason to believe therefore that the final biological outcome of protein recovery and its real impact on cellular function does not depend simply on the RNAP potential for erroneous changes. For example, we observed a lack of recovery for double deletion mutation located at a considerable distance from each other (217 nt) in the mboIIM2Δ356Δ563gfp-1 gene fusion (Supplementary Figure S5) , and a successful rescue in the case of mboIIM2Δ356Δ377gfp-1 gene (distance of 26 nt, Figure 3 ). Transcriptional slippage occurred in both cases but could only be manifested phenotypically in the latter case. The probability of the stop codon generation is much higher for deletion locations separated by long distances. Obviously, as was shown recently for HaeIII methyltransferase a partial or complete wild-type phenotype return was dependent on the location of the InDel mutation with respect to the particular domain of the enzyme (nonconserved versus conserved regions (57) . The mutant spectrum provides a reservoir of protein variants which might become adequate in response to changes in the molecular environment in the cell. Apparently, changes in protein structure and function are always the cost which must be paid for life support under mutagenic conditions (17) .
A similar phenomenon was observed in eukaryotic cells in a process referred to as molecular misreading (66, 67) . Frameshift mutations were generated near short simple repeat hot spots (68) . Besides this, the propensity of eukaryotic RNA viruses to a very high mutation rate is generally known and recognized as ambivalent (69) (70) (71) . On the one hand this allows for rapid adaptation in response to selective pressure, on the other hand, it also leads to a reduction or loss of ability to infect host cells by exceeding the safe error threshold (72, 73) . Study of the serial plaque-to-plaque transfers of FMDV RNA virus provided evidence of mutation accumulation and fitness decrease (74) (75) (76) . Interestingly, a heterogeneity of length of the internal polyadenosine extension in leader sequence of the Lab protease gene was found (74) . An increase in the length of the poly(A) tract (up to 50 nucleotides) correlated negatively with the relative fitness of the virus clones. Most probably, it had a deep impact on the initiation of translation efficiency by changing at least the secondary structure of mRNA. Hence, a shortening of the internal polyadenylate is associated with the fitness recovery process (75) . Moreover, half of all the fixed substitutions in the capsid protein affected internal amino acid residues constitute a structural role (74, 75) .
It appears that the intrinsic properties of RNAPs can make an equally unpredictable impact on the final outcome of gene expression as well as the process of differentiation of genes. It is known that the error rate of transcripts generated by E. coli RNAP in vivo is significantly high, roughly between the values of 10 −5 and 10 −3 per residue, and locationdependent (77) . Generally, this is true for all other types of RNAPs, both single and multisubunit. It is likely that the wild type RNAP has evolved some 'slippage ability', which may be regulated under certain cellular conditions (51, 53, 60, 67, 68) . It would be interesting to know what the contribution of the transcriptional slippage to the mechanisms of regulation precision in the level of a gene expression is. Since the level of transcription primarily determines the overall expression level (78), we suggest that homopolymeric regions of genes susceptible for InDel mutations, especially the A/T type, may play the role of a structural determinant decreasing availability of the wild-type mRNA, and thus negatively influencing the level of wild-type protein synthesis. The hypothesis about the role of homopolymeric tracts, namely the reduction of efficiency of the expression of genes carrying poly(A) regions has already been raised by others (54, 55) . We intend to address this issue in our further work.
We propose that the observed high tolerance for erroneous incorporation at the level of transcription must be considered as survival strategy. Aside from the practical significance (the presence of proteins with different properties within cellular population) this phenomenon provides a new understanding of the role of the mRNA population that is inconsistent with the DNA template and deserves further investigation toward homopolymer tracts frequency and arrangement in the genome and their regulatory role.
